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INTRODUCTORY  3UMMAHY 


Tho  present  tri^nonthly  report  coders  throe  of  the  methods 
for  removal  of  CO,,  from  air  which  arc  under  investigation  by 

£~m 

Project  N6«ori  158 o These  methods  are®  tho  removal  of  C0g 
by  reaction  with  a regenerative  type  solldj  the  freeuir _ out 
of  COg  by  lowering  the  air  temperature,  this  temperature 
lowering  boing  accomplished  by  compressing  -the  air,  cooling 
the  air  back  to  approximately  room  temperature  and  expanding 
back  to  one  atmosphere  pressure^  and  the  absorption  of  CCb, 

:ln  regenerative  solvents  at  below  room  temperature* 


The  information  available  on  the  regenerative  type  solid 
indicates  that  silver  oxide  Is  the  best  such  material  to  be 
used®  Theoretical  mechanism  equations  have  boon  derived  for 
two  modes  of  operation  of  the  absorption  step  of  a regenerative 
(JCU ".removal  process  using  silver  oxide  as  tho  absorbent*  These 

u<  , 

equations  hove  been  solved  for  the  ease  of  00g  absorption  at  a 
rato  of  7*5  lb/hr  from  air  of  21#  COg  content,  by  volume-  and 
the  results  ere  presented  In  graphical  form* 

Experiments  have  been  carried  out  or  a small-scale  fixed-bed 
absorption  unit  in  order  to  evaluate  the  constants  of  the  derived 
mechanism  equations*  Such  experimental  rune  have  Indicated  the 
repeatability  of  absorption  - desorption  cyclop  l*e*  « absorption 
at  room  temperature  from  air  of  1#  COg  content,  and  desorption 
by  decomposition  of  the  earborate  at  125°C®  end  5 mm*  Hg„  furbiie :•? 
work  v/ill  support  the  conclusion  of  feasibility  indicated  by  these 
preliminary  experiments  and  will  result  finally  in  a complete 
process  design  for  an  operating  unit** 


The  freeze  out  method  feasibility  study  has  been  coapletcde 
^liio  prbceos  doos  not  lend  itself  readily  to  simple  research 

techniques  and  construction  of  a unit,  oven  in  a small  size  was 
outside  the  present  scopo  of  the  project*  This  process  does 
have  possxoilitj.es  and  investigation  should  continue  further 
with  the  construction  of  a test  unit  to  determine  what  difficulties,, 
if  any*  might  i:»»  encountered  in  making  the  process  work® 


••1 

*•*1  ft* 


The  low  tomporaturo  absorption  method  requires  the  determi- 
nation and  interpretation  of  data  on  the  solubility  of  COg  in 
solvents  at  various  temperatures o The  latest  data  and  interpre- 
tation are  presented  in  this  report#  More  such  data  and  data  on 
rate  of  absorption  and  heat  exchange  studies,  also  in  progress, 
will  be  presented  at  a later  date# 

Other  studies  in  progress  are# 

Absorption  of  COg  in  sea  water  ~ 

Absorption  of  COg  on  charcoal 

Absorption  of  COg  on  solid  NaOH 

Freezing  out  of  COg  with  outside  mechanical  refrigeration 

Freezing  out  of  COg  with  liquid  oxygen 

Those  problems  will  be  covered  in  later  reports » 


SECTION  I 


ABSORPTION  WITH 


INTRODUCTION 


On©  of  the  most  promising  regenerative  chemical  methods  for 
removal  of  CO^  from  air  is  by  reaction  with  silver  oxide  to  form 
silver  carbonate,  which  can  later  bo  regenerated  to  tho  original 
silver  oxide®  This  method,  along  with  many  others,  was  listed  in 
the  complete  survey  of .COg-removal  methods  proser  od  in  a recent 
report  of  Project  NR  266-001,  dated  March  31,  195* • Th®  a®*1® 
general  reaction  will  occur  ?/ith  many  metal  oxides,  but  silver 
oxido  seems  to  offer  the  best  possibility  of  easy  reversibility, 
thus  making  possible  a regenerative  process  for  C02  removal* 

During  the  past  three  months,  considerable  effort  has  boon 
expended  on  a study  of  the  possibilities  of  the  silver  oxide- 
silver  carbonate  system  as  a COg-removal  process*  Theoretical 
mathematical  expressions  have  been  developed  which  represent  the 
C02  addition  step  for  two  different  modes  of  operation*  In  addi- 
tion, several  small-scale  runs  have  been  made  to  indicate  th© 
applicability  of  the  theoretical  expressions  to  the  actual  sys- 
tem and  to  determine  the  rate  of  C02  removal  in  such  a system* 
This  report  will  outline  the  results  of  tho  work  to  date  and 
indicate  the  direction  to  bo  taken  by  future  studies* 


>2< 


THERM ODYNAM  I C DATA 

Addition  of  C02  to  silver  oxide,  or  to  any  other  metal  oxide, 
will  occur  only  when  the  partial  pressura  of  the  COg  in  contact 
with  the  Solid  it  greater  than  the  equilibrium  value  determined 
by* 

•<*  poo,  * j^r 


where* 


in  K. 


A Oi 
T 

<w> 

RT 


(In  these  expressions,  is  the  equilibrium  eonstant  for 
the  reaetion,  A GJ  Is  the  stsndard  free  energy  change  of  the  reac- 
tion at  temperature  T°K,  and  R is  the  ^&e  constant*) 

Similarly,  decomposition  of  the  metal  carbonate  will  take 
place  only  when  the  partial  pressure  or  the  COg  in  eontaot  with 
solid  is  less  than  the  above  equilibrium  value* 

The  reaction  for  the  proposed  silver*  oxide  process  Is  as 
follows* 

Ag20  ♦ OOg  AggOOj 

Basic  data  for  the  various  components  are  tabulated  in 
Table  1*  In  addition,  heat  oapaeity  data  are  plotted  on  Figure  1$ 
where  necessary,  extrapolations  have  been,  made* 

Values  for  Keq  at  various  values  of  temperature  have  been 
calculated  from  the  basic  data  presented,  maiMng  use  of  the  fol- 
lowing relationships S 

A 5p  “ % (Ae2co3)  - op  (itg2o)  . 7p  (coa) 

/*T 

A (A  Hi)  « A TT  / d T 
1 P 


A (A  S“)  « 4 ? 


r 


dT/T 


A GJ 


Results  of  these  calculations  are  plotted  on  Figure  2t  as 

KL 


0 *-eq  vs.  l/T(*K) » In  additon,  since  eq.  pco  * 

2 


log:l 

values  of  the  equilibrium  pCQ^  have  been  calculated  and  are  plotted 


on  Figure  3 vs.  l/T(°K) « This  latter  plot  will  be  of  use  in 
predicting  the  pressure-temperature  combinations  at  which  decom- 
position of  the  carbonate  should  take  place. 


L 
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TABLE  I 


BASIC  THERMODYNAMIC  DATA 


System* 

T’amncYt.O 

AggO  + < 

DOg  AggCOj 

C (cal/gm  mol  - °K) 

(°K) 

(°P) 

COg'1’ 

Ag20(2) 

Ag2C03(2) 

10 

442 

.1— 

1.08 

049 

25' 

415 

— 

5.26 

3.90 

50 

-3?o 

— - 

8ol4 

10.22 

100 

-280 

— 

10.75 

16.95 

i£o 

-190 

— 

1247 

20.79 

200 

-100 

— 

13.93 

23.20 

298.1 

77 

9.17 

15.75 

26.83 

35o 

170 

9*53 

— 

koo 

260 

9*86 

a»— w» 

— 

b$o 

350 

10.19 

— 

500 

44o 

10.1*3 

CO- 

AggO  AggCOj 

*298. 1*K 

(oal/gm  mol 

.*K) 

51.1 (3) 

29.1(2)  4o.o(2) 

Hf.  ^.i-Kfkaix/aa  nol) 

-94.03 (3) 

-6.95(3)  -12o.5(3) 

^Hougen  and  Watson  - Chemical  Process  Principles,  Vol.  I,  p.  21 4 
<2>K.  X.  Kell  ay  - Bu.  Mines  Bull.  Itfk  (1941) 

t\\ 

Lange  - Handbook  of  Chemistry 


Te*p.  (°tO 


. PROPOSED  ’JNIT 


Assuming  that  alternate  absorption  of  OOg  ana  decomposition 
of  cor  bona  to  c an  toko  place  over  many  cycles  with  little  dec  reuse 
in  the  activity  of  the  silver  oxide  for  further  COg  absorption, 
th».:c:.  are  several  possible  mechanical  arrangement 3 which  might 
be  employed  for  a full-scale  unit.,  A final  choice  of  tho  beat; 
method  tc  use  would  be  difficult  to  make  at  this  time.  Instead; 
fchre-o  different  processes  will  bo  proposed  and  their  advantages 
and  iisadvar.tages  pointed  outc  fhen,  at  the  completion  of  exper- 
imental work  now  in  progress,  a complete  design  will  be  presented, 
based  on  the  most  promising  system  of  operation* 

fhe  investigation  to  date  has  shown  the  following  modes  of 
operation  to  be  possible i 

4.)  Employ  two  identical  packed  beds  of  silver  oxide*  Use 

one  1 or  COg  absorption  while  the  other  is  being  regenerated  undor 
heat  and  vacuum* 

/advantages  Operation  can  bo  made  completely  automatic* 
no  handling  of  solid  required  - 

Disadvantages  - Entire  bed  must  be  alternately  heated  end 
cooled  co  effect  regeneration,?;  complex  automatic  controls  re- 
quired* absorption  and  regeneration  stops  must  remain  in  balancer. 

r?)  Us3  oxdy  one  oack^  bod  of  silver  oxide,;  and  add  fresh 
end  remove  spent  solid  continuously,  countercurrent  to  the  gas 

flow,.  Regenerate  the  spent  solid  at  a separate  location  ah  any 
convenient  time* 

Advantages  - .Wo  balance  of  absorption  and  regeneration  step, 
•squired;  less  heat  lead* 

Disadvantage  ~ Complex  solids  handling  procedure  will  be 

no 0© 3 cary* 

j)  A combination  of  thr-  riit-t  * - 
■lcJl  . . . . . * 3 r'v/0*  i"e°»  ase  only  one  pack;  a. 

an.  anc  ..  omovo  sou  .id  ev  regular  intervals,  manual  ?.y* 

^aJJT'Ue**  ~ *****  **iia  1“ndllo«  !•«  <*•*!«  cowro!,. 


Disadvantage  - Requires  services  of  an  operator*;,  at  l.es.at; 

P'S  I*  s.'  t'.MOo 

A simplified  sketch  of  each  of  these  modes  of  operation  can 
be  found  on  the  next  page,  Figure  i|.o 
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PROCESS  DETEitS 
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HA'^KMATICAL  DliVELOPMENTS 


The  three  possible  modes  of  operation  suggested  in  the  pro~ 
viowa  section  are  in  reality  only  two  independent  methods.,  since 
(3)  is  a combination  of  (1)  and  (2)c  A theoretical  mathematical 
expression  has  been  developed  for  the  absorption  step  of  each  of 
the  independent  modes » 

I - Fixed  solid  bed  «•  3teady  flow  of  gas  with  const  fait 
Inlet  composition* 

II  Moving  solid  bed  of  constant  inlet  composition  « with 
countercurrent  flow  of  constant  inlet  composition  gas ■. 

In  the  derivation  of  those  expressions  it  has  been  necessary 
to  make  several  simplifying  as sumptions*  Such  assumptions  will 
be  pointed  out  as  they  are  encountered  during  the  developments.. 
None  of  these  assumptions  is  a major  one,  and  none  affects  the 
general  applicability  of  the  final  solution.. 


.Qmp  I Fixed  Solid  Bed  «»  Steady  Gas  Flow 
For  the  reaction*  A ggO  + COg  < — ; AggCO^ 
Consider  a packed  bed,  as  follows; 


For  a unit  cross  section  (C(>2  balance); 

3 y '•  * '*  6 I*  * f~f  * z)  d t + (-  |.|.)  d z d t 

* input*)  (output)  (accumulation 

on  solid) 

'■.’here  q *■  lb  moles  total  air/ft2Ju-- 

7 ■-  nole  fraction  COg  in  total  air 
t e time,  hours 

z * distance  down  bed  from  inlet s feet 
x - concentration  of  AggOr  lb  moles/ft3  of  reactor 


(1) 


-3  2*~ 


2 «*«i.*wo*;*'**  wi  wiie  uou  voiuso  xuj.3  .Ls  OtL  i* or 


...  i , 

W ‘ “ w 

a flow  process  where  bed  volume  is  negligible  compared  with  vol« 
ume  of  fluid  passed  through.) 

It  will  be  assumed  that* 

r " kA  PC02  CAg20  “ ^ CAg2C03  (2) 

- kA«  y x - kD  (xQ  - x) 

where  $ CAg2o  " concent^atlon  of  Ag20,  lb  moles/ft3of  reactor 

CAg2C03  * concentration  of  AggCO^,  lb  moles/ft3  of  reactor 

kp  b.  desorption  rate  cons  tan  hr*^ 

And,  further,  it  vdll  be  assumed  that  absorption  is  taking  place 
under  conditions  where  the  reverse  reaction  is  negligible. 

Therefore.  rA  kA  n ^ x " -ft  (3) 

kA  - absorption  rate  constant,  atm**^  - hr”* 

* * absorption  pressure,  atmospheres 

rA  - absorption  rate,  lb  moles  C02/hr-ft3  reactor 

Ik) 


where! 


Prom  (1)J 
So  we  have  * 


® * y 


where . B 


kA  0 

T~ 


D - 


kA  ff 


At  this  point,  a change  of  variable  is  to  be  introduced; 
Define.*  Sy  . 

v • A Z{  60  P - 359  GA 

p * gas  feed  rate,  std  CPM 
V «*  reactor  volume,  ft3 
A « cross  section  area  of  bed,  ft2 

. 2SI_ o OT.  | . 3S9 


-13 


kA  « Z 


So*  B Z a - Ag  — “ - 359  &A  ff  (l/Sv)‘“  B*  (1/SV) 


and  therefore* 


dtt 


7^7 


whored  B*  =»  - 359  &A 


kA  w 


= B*  x y 
* Day 


y (oa  t)  « yQ 

x (l/SVs  o)  « xa 


(lj.a) 


* WT 


Olie  solution  for  this  pair  of  simultaneous  partial  differential 
equations  is*  (see  pp.SJlff*  for  details) 


x 

X. 


rryigrTT 


y .1  h 

% m r^TTBrrrr 


(5) 


where . 


d * © 

h = e 


IT 


M - B xQ  (1/fey)  - -359  ^ATf  xc  (X/Sv) 
H - D yo  t*  ® kA  tt  yQ  t 


Graphical  presentations  of  this  general  solution  are  included  on 
the  following  pages* 

y/y0  vs  ff  «*.*■  various  values  of  M - Figure  5 

y/y0  vs  -M  at  various  values  of  N - Figure  6 

~M  vs  N at  various  values  of  y/yQ  - Figure  7 

It  should  be  pointed  out  that  there  is  an  interesting  rela- 
tionship between  and  For  a giveri  value  of  M and  N,  taere 

yo  xo 

is  a definite  value  for  7/'J0»  as  shorn  on. Figure  .5*  For  example, 
at  M * -2*0  and  N * 3*0,  y/y0  1=5  0*76.  The  value  of  x/xQ  at  the  so 
same  values  of  M and  W cai  also  be  obtained  frcra  this  sane  Fig- 
aro 5s  by  determining  the  value  of  y/y  at  Iff  = -K  and  II  * -M 
(:l»e*.  at  M « -3*0  and  N - 2*0),  which  gives  :*./x0  * 0.273*  There 
fore,  tho  grr.ihs  supplied  for  y/V  values  rcy  also  bo  use  3 for 
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10.4  2«<o 


& 1 h y to 


fo*  CO^,  R%%OR»T>OM  OM  A&tQ 

M AaTTX*  (Dmunmti tu  bwrmci  wham} 

N *A*TT^;t  (oiMewiioMwcu  T»m  vaiiau^ 


;c/x  values . providing  M and  N a’e  redo  fined  properly#  ^LIs  can 
be  proved  as  follows? 


f- " r“rTK--"iT trSr — - 

° 1 + e K(e  x-  1) 


at  Mv5  N 


Xs  x 


X- 


J [h 


\ Ny 

e vi J 


ro  ” r^*TTH-rrr  W“7 

° 1 + e 7(e  y-  1) 


at  Myj  Ny 


Let?  My  * «N. 


!V  • -v 

JL  -M 

Therefore  # y ...  e x a 

yT ar~i 


3TTT 


° X '•  © x(e  x«  1)  1 + e x e 


1ST  TT-TT 


X ' X ^ X _ X 
••e  e ® 


at  —N  o »- »M 
X“  X 


And?  « 


t nc 


ur  ■ 


ITT" 


° © x e x * 1 - e x 1 ♦ e x(e  x~  1) 


x_ 

X. 


at 


Mx=  <i 


At  this  stage  of  the  investigation,  sufficient  experimental 
work  has  been  done  to  give  a good  idea  of  the  rate  of  the  absorp- 
tion step  of  the  process o This  work  and  the  results  therefrom 
will  be  suramari  zed  In  a later  section#  Here  it  is  sufficient  to 
state  that  the  value  of  k»  in  the  previous  relation  has  been 
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determined  to  be  of  the  order  of  800  ataa  -hr  # With  this  re- 
sult, it  is  of  considerable  interest  to  solve  the  general  rela- 
tionship for  the  special  case  cf  COg  absorption  from  air  at  loO# 
COg  by  volume#  For  this  purpose,  it  will  be  assumed  that  the 
reaction  will  bo  carried  out  in  such  a manner  that  y/y0  at  the 
reactor  outlet  will  be  approximately  zero  during  the  absorption 
step#  As  soon  as  y/yQ  ° 0«01,  the  reactors  vi  11  be  switched  and 
freshly  regenerated  silver  oxide  will  take  over  the  COg  removal 
Job#  Air  feed  rate  will  be  set  at  110  std  CFM,  carrying  8d 
lb/hr  of  COg  through  the  unit#  This  Will  be  essentially  all 
removed  during  most  of  the  cycle,  so  approximately  four  minutes 
out  of  every  hour  can  bo  employed  in  switching  and  still  operate 
with  7 #5  lb/hr  over-all  COg  removal# 


In  general' 


M * -359  & 

1'T  ■*»  K,  v yQ  t 

l/Sv  a V/60  P 


-3.59  kA  3C0  (l/sy) 


-1  — 1 

Pen  this  particular  casa‘«  lc^  a 800  atm  -hr 


Therefore  * 


tr  a loO  atm 

y * 0..01  mole/mole 

p = no  std  cm 

outlet  y/yQ  « 0«01#  at  switch  time 

M * (-359)  (800)  (1*0)  (1/60)  (1/3.10)  xQ  V 
N « (800) (1.0) (0.01)  t 
M a -43*52  xQ  V 

N s 8 t 

„M  =»  k,6  when  N»0  (From  Figure  7) 


at  y/y0  *=0.01 

~?ff  ^ 4-6  when  N»0 

Therefore  « 

«~M  * 4° 8 + H 

or* 

43*52  xQ  V * 4*6  + 8 5 

and,  finally* 

V » ° ISSZ  ♦ 208, 

xo  xo 

and  * 

t - 5*44  V - 0 

Curves  representing  these  two  equations  have  been  plotted 
and  are  included  as  Figures  8 and  9"  V.ith  these  curves  it  is 
possible  to  read  off  the  reactor  volume  required  for  operation 
at  a definite  switching  interval,  or  the  switching  Interval 
required  when  operating  with  a particular  silver  oxide  initial 
concentration*  It  can  bo  seen  that  the  reactor  volumes  required 
and  the  switching  interval  indicated  will  be  within  reason,  even 
at  very  low  values  of  Initial  silver  oxide  concentration*  Fur- 
ther experimental  work  will  substantiate  theso  preliminary  con- 
clusions and  moire  possible  the  final  design  of  an  operating  unit. 
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Caoa  I*  Fixed  Solid  Bod,  Solution 


Lin«ui*i.  »itri 


B x y 


“ 3 x y 


Putl  U a y 
V « x 


X (1/SV#0)«  x0 

y (°#  fc)  * y0 

x • i/sv 

•y  * t 


] 


a * B 
b - D 


»aUV 
a b U V 


$T 

34 

V (X,  0)  . VQ 

0 (0,  Y)  . UQ 

Solve  (4b)  for  U V and  equate*. 

x an  i dv 

a oTc  b 


or. 


and. 


aVdX  + fcUdYig  an  exact  differential 
f (X,  y)  exists  3uch  that! 


U 


34 


x * & 3'xVt-  ■ a ° v 
^*Vt  “ 14  H 


“ a ^ 


1 
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Put*. 


and « 


FrVj, 


h « 


$4 « 3^4^, 


14  • k $4 « ^ {Xn  h)  * ^ (in  |4) 


<» 

(6) 

(4b) 

(6a) 

(7) 

(3> 


-sd.- 


Integrate* 
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f “ In  ~jp^  + <f)(X) 

£ . J$  - $ (xi7  - 


Prow  (6a)  and  (8)J 


» a V (Xa  0)  - a VG 


o)  f 


f = a V X •?•  In  C f (X.,  0)  « a VD  X <*  In  C 


Therefore® 


Therefore  o 


f.Oo 


a 


r . Vo  X * ln  0 (X-P 


In  a VQ  - a V x + ln  C ~ 
$><X)  - ln^  + a VQ  X 


(X) 


(J  f a vo  y?  ~ a x7 

•-y-w.jp  n:  04«  O 


Ordinary  DoBo  corresponding  to  (12)  is« 

, „ a XT  /I1'  • a V *7 
d P o _•»  o — / 


d X 
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Separate  variables. 


_ a V .*a  V X 

e"P  d P r,  --^-£  q ° d X - 0 


_ , -a  VX 

.1  _ oA 

,0  v g-  O 


•«  constant 


Or  general,  solution  of  (12)  is* 

..f . i ~a  v 

***  *q  e ~ 

Prom  (6a)  and  (3)*. 

ft  a u v 
83  o \ 

t « b U y 1-  K 


<p(?) 


jhf  (°S  '*>  ” b Vo 
f (0,  Y)  « b Un  Y * if 


»e 


-b  U Y *-  k 


* i •*  (y) 
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e.  /f  » a Vrt  x7 

O1**'  o 

11.  «1T  MltriMf  A 
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V " a V0  V 

V w—  a © 

vo 

In  0 ® f a V X 

Vo  ° 
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(12) 


(13) 


(Ik) 
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(16) 


Prom  (8)  and  (IP.)* 
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Pr.t  (17)  and.  (i6)  into  (15) « 
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1 ^ a X 

C V ® 


“a  Vo  X a 1 -k  ®b  U.  X 
a 7?  - 8 8 O 


and  apply#  V (X,  0)  « v. 
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Differentiate  (18)  %'ith  respect  to  Y' 
-a  Vrt  X V A .. 
e * b Uo  6 


.bUQ  Y 
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Put  in: 
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a VCX 


a V X 
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-b  IT  Y 
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Then# 

Vo 

V* 

“ 1 + J (h 

» 1) 
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T 

Vo 

I”j(F 

TTT 
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X! 

K ' 
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X + j (h 

TTT 
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(20) 


(21) 


Replacing  original  variables* 

t;  = rryV^TT 

v .1  h 

% • i j ft  - -ry 

where o j * e^ 

h - eN 

M *»  B*  xQ  (l/s v)  = -359  kA  V 0 (1/SV) 
N - -D  yQ  t - kA  n ^0  t 


Ca 38  II  « Counter current  Qas  and  Solid  Flow 
For  the  reaction*  AggO  + COg  » ' ' — ■ » AggCO^ 


V— * 


F*  •»  gas  rate  (over-all),  lb  raoles/hr  » 

S » solid  rate  (over-all),  t£/hr 
7 **  moles  COg/mole  total  gas 

x **  moles  of  AggO/ft^  of  solid 
V » volume  of  reactor,  ft^ 

| 

At  steady  state*  F (yQ  ~ yf)  - S (x0  « xf)  « R 

R * removal  rate  (lb  mol /hr) 


■25' 


»P  d y ® S d x 


(in  general) 


By  material  balance  on  small  section  above  (d  V) % 

F*  y • P*  (y  + §-$  d V)  - S (x  ♦ d V)  « Si  x 


moles  COg  transferred/  hr~ft^  of  reactor 


I"? 


Also,  it  will  be  assumed  thati 

moles  C02  transferrod/hr-ft^  ® r A * kA  « y x 


(as  before) 
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y x 
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s/P' 
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(Pint! 

. solution) 


where  £ M « -359  *A  t»  xq  (1/Sy) 

P “ 9 *<A> 

q « S/p» 

A graphical  presentation  of  this  solution  can  be  found  in  Figure  10  next 
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Ae  in  Casa  I,  It  will  be  of  interest  to  solve  the  general 
relationship  of  Case  II  for  the  special  situation  of  COg  absorption 
from  air  at  1%  COg  by  volume.  As  yet  no  experiments  have  been  run 
using  counter current  gas  and  solid  flow.  However,  the  value  of 
k,  (800  atm“1‘*hr*’1)  determined  from  fixed-bed  experiments  will  be 
assumed  to  hold  in  countercurrent  operation  as  well.  A gas  flow 
of  110  std.  CFM  will  be  assumed,  to  allow  comparison  with  Case  I. 
Por  3uch  a gas  flow,  a removal  rate  of  7.5  lb/hr  will  result  if 
y/yo  at  the  reactor  outlet  is  kept  at  0.072. 

In  general:  M - -359  kA  it  xQ  (l/Sv) 

p • « *<A> 

i/sv  » v/6o  p 

q - S/p» 

Por  this  ■«  n 

particular  kA  ° 800  atm  -hr*" 
case: 

v a i.o  atm 

y0  • 0.01  mole/mole 

F - 110  std  CFM 

outlet  y/yQ  ■ 0.072 

Iherefore:  M - (-359) (800) (1.0) (l/6o) (l/llO)  xQ  V 

P - (359)  (l/b0)  (1/110)  (1/0.01)  S x0 
or.*  K - -43.52  xQ  V P * 545  S x0 

Values  of  xQ  have  been  assumed  and  corresponding  values  of  M 
and  P determined  from  Figure  10  at  y/yQ  =»  0.072.  Ihen  values  for 
V and  3 are  calculated.  Results  of  these  calculations  are  plotted 
on  the  next  page.  Figure  11.  From  this  set  of  curves,  it  Is  pos- 
sible to  determine  the  reactor  volume  required  for  operation  with 
a particular  solid  feed  rate  and  initial  solid  concentration.  It 
can  be  seen  that  the  solid  feed  rate  will  need  to  be  fairly  high, 
especially  if  xQ,  the  inlet  solid  concentration  is  low.  Further 
experimental  work  on  this  particular  mode  of  operation  will  help 
to  substantiate  these  preliminary  conclusions. 
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EXPERIMENTAL 


In  order  to  determine  the  feasibility  of  using  the  silver 
oxide-carbon  dioxide  reaction  as  the  basis  of  a regenerative  CO,,- 
removal  process,  it  has  been  necessary  to  perform  a series  of  small 
scale  experiments*  These  preliminary  tests  have  been  designed  to 
provide  answers  to  several  important  questions* 

(1)  Is  the  reaction  reversible,  and  can  it  be  repeated 
several  times  using  the  same  sample  of  silver  oxide? 

(2)  What  are  the  variables  affecting  the  rate  of  the  absorp- 
tion step? 


(3)  What  physical  form  of  silver  oxide  is  best  for  COp  removal 
pure,  or  deposited  on  an  inert  carrier? 

(k)  '''hat  are  the  variables  affeoting  the  rate  of  the  desorp- 
tion step? 


At  the  present  writing,  questions  (1)  and  (2)  have  been  fairly 
well  answered,  but  further  work  will  be  necessary  to  determine 
answers  for  questions  (3)  and  (k)  satisfactorily.  Experimental, 
work  is  continuing  and  should  result  in  satisfactory  answers  and 
a final  process  design  in  the  near  future* 


Experiments  with  silver  oxide  have  all  been  carried  out  la 
an  apparatus  similar  to  that  sketched  in  Figure  12.  This  is  a 
small-scale  unit,  one  which  provides  considerable  information  in 
a relatively  short  time,  and  the  data  obtained  should  be  applic- 
able to  the  operation  of  a larger  unit  as  well.  The  unit  was 
operated  with  a fixed  solid  bed  and  an  inlet  gas  of  constant  com. 
position,  which  is  identical  with  the  operating  conditions  speei- 
lea  in  Case  I under  Mathematical  Development.  Therefore,  it  is 

l l f‘at  thB  9xPePl»ental  results  will  fit  the  mechanism  sug.. 
ge  ited  ir.  this  development.  Case  IX  is  more  difficult  to  obtain 

pro»at«!8'  " y°t  n°  hava  »"*  ta»S*r  this 

PO,,  °f  lm°Im  and  ««»t«nt  composition  is 

pujoinc  co°r  T r*fc  !*°  Sach  * Uixtan  U <**•*»«'  lr- 

P *ide  C02  and  air  ,in  the  desired  pressure  ratio)  Into  the  „..x- 


FI60RE  12. 


FLo\»4  sweet  for  Ag^O  exper\ went s 
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continued  until  the  silver  oxide  is  essentially  saturated  with 
CO.,,  as  indicated  by  a constant  COg  output  rate*  Then  the  basket 
containing  the  silver  oxide  is  weighed  and  placed  in  the  oven, 
where  it  is  held  overnight  at  125°C  and  < 5 mm  Hg,  to  decompose 
the  carbonate  and  reform  the  active  silver  oxide* 

Data  from  fourteen  runs  made  to  date,  using  three  different 
samples  of  Ag,,0,  are  summarized  in  Table  II.  In  addition,  typical 
plots  of  the  total  COg  absorbed  as  a function  of  time  are  included 
in  Figures  13  through  17,  for  all  of  the  runs  using  AggO  sample  A. 
(3imilar  plots  have  been  made  for  the  runs  employing  the  other  AggO 
samples,  but  they  are  not  inoluded  here.)  It  can  easily  be  seen 
that  the  repeatability  of  the  reaction  is  only  fair.  In  general, 
it  seems  that  the  first  run  v/ith  any  particular  sample  shows  very 
good  COg  removal a Subsequent  runs  show  considerably  less  removal, 
but  with  much  less  of  a trend  toward  lower  values  after  the  seoond 
run  in  any  set«  It  is  likely  that  this  high  capacity  for  the  first 
run  Is  due  to  adsorbed  NaOH  not  completely  washed  off.  Therefore, 
the  true  capacity  is  that  exhibited  by  later  runs,  which  seems  to 
be  falling  off  only  slightly  with  use* 

Reference  to  the  experimentally  determined  COg  absorption 
data  indicates  that  In  all  cases  the  run  seems  to  have  been  made 
up  of  two  distinct  periods.  In  the  early  stares  COg  is  being 
absorbed  at  a relatively  high  and  varying  rate.  Later  In  the  run 
a considerably  lower  magnitude  constant  rate  period  is  reached. 

Such  a result  would  be  expected  if  the  absorption  were  taking  place 
by  two  simultaneous  processes:  (1)  Reaction  of  the  C02  with  sur- 

face layers  of  AggO,  according  to  the  mechanism  of  Case  I,  and 
(2)  Reaction  of  additional  COg  with  internal  layers  of  AggO, 
limited  by  diffusion.  To  determine  the  portion  of  the  C02  absorp- 
tion attributable  to  the  mechanism  of  Case  I,  it  seems  a logical 
approximation  merely  to  subtract  the  constant  rate  contribution, 
as  determined  graphically  from  the  data.  V.hen  this  is  done,  the 
curves  labelled  "modified  data"  are  obtained.  It  will  be  assumed 
that  those  curves  represent  fairly  well  the  C02  absorption  due  to 

reaction  with  the  available  surface  layers  of  Ag20,  by  the  mechan- 
ism of  Case  I.  -e. 

Further  calculations  have  been  made  on  the  data  of  series  A, 


TABU  IZ 

EXFBlDIElfTAL  DATA  - C02  ABSCRPTIOR  01  A^O 
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us  in;--  the  modified  data  as  explained  above,  to  give  ef.i'-otivs 
values  of  COg  inlet  rates  o Knowing  the  COg  outlet  rates ,,  from 
weighings  of  the  asoarite  tubes,  it  is  possible  to  calculate 
value 3 of  (y/jr0)avgo  -for  each  sample  interval#  This  has  been 
done  for  all  of  the  runs,  and  the  results  are  summarized  in 
Table  III*  The  relationship  used  is  as  follows o 


grTWg^in  ' ~ 

gm  ^ ~ *ro>  * *o 


TABLE  III 


CALCULATED 

values  op  (y/y0)avg 

Outlet  (y/yc)aVKo  Values 

Int&ival 

A^2 

A=1 

a«5 

t « 0 

0.307 

0.317 

0.322 

0 <.  231 

0-2 

0.394 

0.389 

0.4l6 

0.372 

24 

0.585 

0.527 

0.660 

0.650 

4-7 

0.845 

0.647 

0.885 

0.906 

7-10 

0.927 

O.869 

0.962 

O.98I 

10-15 

0.962 

O.963 

0.965 

? 

15*20 

0.977 

O.963 

0.973 

0.998 

20-25 

0.981 

? 

0.986 

O.996 

25-30 

n 

O.990 

0.998 

0.990 

30-35 

0.999 

•««»•*> 

0.978 

0 

3540 

0.997 

auiw 

0.995 

At,  this  point  it  seenw  logical  to  check  the  applicability 
of  tho  mechanism  proposed  in  tho  section  on  Mathematical  Devel~ 
opmsnt*  Calculations  have  resulted  in  values  of  (y/jO at  the 

vr  v O GVg* 

reactor  outlet  as  a function  of  tine,  with  all  other  variables 
held  as  constant  as  possible® 
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Therefore?  log  Y*«  A*  * B*  t 
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I*TTy7 y"  *8  plotted  versus  t,  a 


When  the  function  log 

straight  line  will  result  if  the  experimental  data  follow  the 
equations  of  the  proposed  mechanism*  In  addition,  the  slope  and 
in  i,  a re  a at  of  this  line  can  be  used  to  calculate  the  values  of  x 
and  kA  for  the  particular  run*  This  function  has  been  calculated 
and  plotted  for  each  of  the  runs  using  AggO  sample  A,  A typical 
plot,  for  Run  A~2,  is  included  here,  as  Figure  18*  From  this 
plow  it  caa  be  scon  that  a straight  line  does  result,  for  the  data 
of  the  first  ten  minutes  or  so.  After  this  time,  tho  slope  fills 
off  considerably,  probably  because  of  errors  in  calculation,  when 
values  of  y/yo  begin  to  approach  1*0*  For  a first  approximation 
of  -Aie  constants  of  the  mechanism  equation,  the  straight  line 
portion  of  the  early  part  of  the  run  has  been  considered  as  repre- 
sentative and  the  best  straight  line  fitted  to  the  available  five 
dace  points-  [?lila  procedure  has  also  been  followed  on  the  other 
runs  of  series  A*  Results  are  tabulated  in  Table  IV,  where 
average  values  of  kA  end  xD  are  also  shown*  Similar  calculations 


Results  of 
runs  -fill  bo 


aro  in  prograss  for  the  runs  of  oeieies  B and  Dgo 
the so  calculations  and  of  additional  exp  eriments! 
presented  in  the  next  report o 
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CONCLUSIONS 


Sufficient  experimentation  hat  been  carried  out  on  the  Oli- 
ver oxide  process  to  allow  several  conclusions  to  be  drawno 
First,  the  process  seoms  to  be  feasible  for  use  as  a regenerative 
system  of  COg-removal,  since  several  successive  absorption-desorp- 
tion cycles  can  be  carried  out  on  one  sample^  with  only  a smell 
decrease  in  capacity.  A longer  series  of  cycles  will  be  neces- 
sary to  support  this  conclusion  definitely,  however*  Second,  the 
most  important  variable  in  the  absorption  step  seems  to  be  the 
initial  concentration  of  oxide  available  on  tile  surface  of  the 
solid*  If  this  quantity  can  be  increased,  the  size  of  equipment 
required  for  the  process  can  be  materially  decreased*  It  should 
be  noted  that  it  is  the  concentration  of  oxide  available  on  the 
Solid  surface  which  is  important*  Therefore,  there  will  probably 
be  little  to  be  gained  by  the  use  of  pure  silver  oxide,  since  the 
quantity  of  oxide  on  the  surface  will  not  be  materially  different 
from  that  available  on  an  alumina-supported  sample  of  similar 
size*  Future  runs  with  pure  AggO  will  be  necessary  to  prove  this 
definitely,  however* 

The  mechanism  equations  derived  and  presented  in  this  report 
will  be  of  considerable  value  in  indicating  the  relative  effects 
of  the  variables  involved  In  the  absorption  step*  In  oombinat5.on 
with  similar  equations  for  the  desorption  step,  they  will  permit 
calculation  of  equipment  sizes,  feed  rates,  sto*,  so  that  the 
optimum  prooess  design  will  result*  Suoh  a complete  design  will 
form  a major  part  of  the  write-up  on  the  silver  oxide  process  for 
the  next  report* 


SECTION  II 


LOW  TEMPERATURE  ABSORPTION  COg  SOLUBILITY 


INTRODUCTION 

The  oGS.rch  for  suitable  absorbents  for  use  in  the  low  tem- 
perature regenerative  system  of  COg  removal  is  continuing#  Pre- 
vious data  in  this  phase  have  been  presented  in  earlier  reports# 
Samples  representing  'several  classes  of  compounds  are  being  eval- 
uated as  possible  absorbents#  At  present,  the  most  promising 
class  of  compounds  is  the  esters#  Consequently,  more  attention 
is  being  focused  on  compounds  of  this  general  class if ioat ion# 

Also,  this  class  of  compounds  will  be  evaluated  to  determine  what 
trends  may  exist  within  the  class# 

Much  additions!  work  must  be  done  before  any  one  compound 
can  be  selected  a3  tne  best  absorbent  for  the  low  temperature 

process# 

Experimental  Procedure 

The  method  for  determining  COg  solubility  presently  being 
used  is  the  "open"  method  as  described  in  the  tri-monthly  report 
of  this  project  for  the  period  Jaauary  1 to  Maroh  31,  19?2#  This 
method  consists  of  bubbling  the  COg  through  the  solvent. 

It  has  been  necessary  to  modify  the  analytical  procedure  due 
to  the  fact  that  esters  hydrolyse#  The  earlier  procedure  involved 
a volumetric  analysis  In  which  a known  weight  of  sample  was  treated 
with  a known  excess  of  Ba(OH)g#  The  barium  hydroxide  then  reacted 
with  the  carbon  dioxidf.  to  fora  barium  oarbonate#  The  excess  of 
barium  hydroxide  was  th^n  uuceralned  by  titrating  with  standard 
acid#  Thus  the  amount  of  carbon  dioxide  in  the  solution  was 
determined#  Hovever,  if  this  procedure  is  applied  to  the  esters, 
the  esters  will  hydrolyze  and  produce  an  acid,  which  will  then 
react  with  the  barium  hydroxide  and  in  the  calculations  will  appear 
as  carbon  dioxide,  thus  producing  erroneous  values  for  C0o  solu- 
bility# z 

The  procedure  now  used  is  to  treat  the  sample  with  an  excess 
of  Ba(OH)g.  This  reacts  as  before  to  produce  barium  carbonate, 
which  precipitates.  This  precipitate  is  then  filtered,  washed, 
dried,  and  weighed  to  determine  the  amount  of  carbon  dioxids  which 
was  present  in  the  a ample#  The  esters  still  hydrolyze  to  produce 
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an  acid  which  also  reacts  with  the  barium  hydroxide®  He wevap., 
as  long  as  the  barium  salt  produoed  is  soluble,  it  does  not  appear 
in  the  weight  of  precipitate  and  henoe  oauses  no  errors. 

Data 

The  samples  tested  and  the  results  obtained  appear  in  Table  V„ 
This  table  lists  the  molecular  weight  of  each  solvent*  The  sec- 
ond and  third  c alumna  list  the  temperature  and  pressure  for  each 
sample.  The  fourth  column  liste  the  mole  fraotion  of  OOg  experi- 
mentally determined  as  present  In  the  sample*  The  calculated 
value  of  ? is  reported  In  the  fifth  column.  This  value  of  ft  la 
calculated  from  the  equation  / ■ y p/x  P,  where 

•*  activity  ooefficiont  of  COg  in  solution 
y ® mole  fraotion  of  COg  in  gas  phase 
x ■ mol  fraotion  of  OOg  in  liquid  phase 
p « total  pressure  of  gas 

P » vapor  pressure  of  pure  COg  at  temperature  of  solution 

The  Is;  <'  column  of  the  table  reports  the  mole  fraotion  of 
COg  which  would  exist  in  solution  at  a total  gas  pressure  of 
76o  mm  Kg  and  at  the  given  temperature,  assuming  the  calculated 
value  of  y to  apply* 

This  table  extends  the  results  previously  reported  in  the 
tri-monthly  report  of  this  project  (Jan.  1 - March  31,  19^2)  , 

In  the  case  of  tributyl  phosphate,  these  data  correct  the  pre- 
vious results  for  a better  interpretation  of  the  blank  then  being 
applied*  Also  it  may  be  noticed  that,  in  view  of  the  present 
work,  two  values  for  toluene  previously  reported  have  been  omitted 
as  unreliable*  The  values  for  ootyl  acetate  reported  here  differ 
widely  from  those  previously  reported*  The  earlier  values  were 
obtained  by  another  experimental  method  which  appears  less  reli- 
able than  the  method  now  being  used;  and  the  present  values  are 
believed  to  be  more  aoourate* 
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The  survey  of  absorbents  fop  use  in  the  low  temperature 
absorption  system  in  not  complete;  but  the  class  of  compounds 
known  as  esters  show  the  most  promise*  Consequently  more  atton« 
tion  iri  being  placed  in  compounds  of  tills  class* 


Trio  results  show  that  y increases  as  temperature  doorcases 
for  all  compounds  tooted  to  do.te*  It  was  at  fir  sit  believed  that 
y would  approach  1*00  as  temperature  decreased*  due  to  composi- 
tion effects o The  effect  of  composition  on  y is  expressed  by 
Margulos*  equation  as  follows; 

In  y 1 » Xg2  2?c  + 2 (B  - A)  zlmJ 

where;  y^  « activity  coefficient  of  COg  in  solution 

» mole  fraction  of  COp  in  solution 

Xg  » mole  fraction  of  absorbent  in  solution 

A and  B aro  constants  dependent  upon  absorbent,  temperature., 
and  pressure* 

This  equation  states  that  as  increases  and  Xg  decreases^ 
the  value  of  y should  approach  1*00  as  a limit*  The  present 
results,  therefore,  show  that  the  temperature  effect  on  A and  JJ 


is  quite  largo  and  overcomes  tho  effect  of  composition  change ■» 

Tb.o  remit  is  that  the  values  of  y for  saturated  solutions  al wo/  a 
increase  as  the  temperature  decrease s« 

'.fhe  values  of  are  an  indication  of  any  deviation  of  tho 
actual  solutions  from  ideuL  solutions*  A value  of  '/  » X„00 
corresponds  to  an  ideal  solution^  and  tho  lower  the  value  of  y 
is,  the  higher  the  absorption  (mole  fraction)  of  0Cp  will  bo,,’ 

.'.'iK/  \ .oleculas?  weight  of  the  solvent  is  necessary  to  correct  o.b  * 
sorpwicn  values  from  mol  fraction  to  weight  per  curb*  Cor.se(j.ue2:tlj 
a compound  possessing  both  a low  molecular  weight  and  a low  value 
of  y is  desired* 

....  onl  1 also  t-e  dosxrnb.'.o  to  obtain  a compound  whose  y 
deer  ., use. '.5  with,  decreasing  temperatures.,  cinco  thin  will  predie  ; a 
larr-  u1  change  in  COg  solubility  with  temperature,  iljf ortun-atc  1.  , 
bhxs  .positive  vaiuo  of  d ^ /d  t does  not  appear  to  exist,1  and 


•51 


small  negative  value  will  probably  have  to  be  accepted*  Hence., 
the  important  criteria  of  good  solubility  are  a low  value  of 
and  a low  molecular  weighty  of  seoondary  importance  is  the  cri- 
terion of  a positive  or  small  negative  value  of  d^f/d  T* 
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TABLE  V 


C02  SOLUEILITY  IN  ORGANIC  SOLVENTS 


Temp- 

Solvent 

eratuin 

local in 

82°I 

si.  Uo  a 138.  24 

82  °I 

82°3‘ 

Alkazeno  - .12 

'J2“F 

m.tj.  » 263.98 

82°F 

-23°C 

-34°C 

Di.chloro-1  sopropy.l-ether  80*  / ,°F 

m.v.  = 171.01 

77.:i°F 


72.2°P 

5S.5°F 

63.2°P 

67.3°P 

+U°C 

+0.5°C 

-10°C 

-;i2.o°c 

~34°C 

-36°C 

-47.0°C 

•48° 0 


3ut;rl"C  olio  stive  80. 4C^ 

m„v,,  *»  118.11 

77»2°? 

7202°F 

.59.5°? 


Barou 

Cpg  Mol. 

Pr®3s» 

Fract.  at 

y t*  ilf 

mm  Jig 

Baro.  Press* 

9 x P 

745.8 

0.00713 

2.03 

744.4 

0.00682 

2.12 

744.4 

0.00677 

2.14 

745.8 

0.00695 

2.09 

744.4 

0.00750 

1.93 

0.00:79 

2.13 

738.3 

0.0145 

3.73 

746.7 

0.0133 

4.37 

742.0 

0.0160 

0.920 

0.0153 

0,963 

746.8 

0.0152 

1.02 

0.0156 

0.990 

742.8 

0.Q165 

0.992 

0.0165 

0.992 

742.3 

0.0187 

1.03 

0.018)1 

1.06 

742.3 

0.0185 

0.995 

0.0177 

1.04 

744.5 

0.0771 

1.02 

0.6168 

1.04 

752.6 

0.02C2 

1.00 

0,0200 

1.01 

741.7 

0.0256 

1.10 

0,0256 

1.09 

747.5 

0.0340 

1.11 

0.0344 

1.10 

750.7 

0.0579 

1.30 

(.0592 

1.27 

746.7 

0.0606 

1.32 

752.9 

0.0656 

1.32 

745.5 

0.0913 

1.41 

0.0788 

1.45 

747.4 

0,0762 

1,77 

0, 0"/86 

1.71 

742.2 

0.0120 

1.28 

0.0123 

1.20 

746.F 

0.0125 

1.24 

0.C115 

1.34 

742,8 

0.0131 

1.2:'; 

0.0129 

1.27 

.’42.3 

O.C159 

1.22 

0,0145 

1,35 

C02  Mol, 
Fracto  at 
760  m He 

0.00727 

0,00696 

0„00691 

0.00708 

0.00766 

0.C0694 

0.0150 

0=0186 

0.0164 

0.0157 

0.0155 

0.0159 

0.0169 

0.0369 

0.C191 

0.0186 

0.0189 

0.0181 

0.0175 

0,0171 

0.02C4 

0,0202 

0*0262 

0.0262 

0.0345 

0.0349 

0.0586 

0.0599 

0.0617 

0.0663 

0.0931 

0,0905 

0.0775 

0.0799 

0.0123 

0.0126 

0.0127 

0.0117 

0,0134 

0.G132 

0.0163 

0,0148 
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Pcopytano  glycol 

ra.  w*  « 76.06 


Toluene 
iC6‘Mu  « 92*06 


S-lfchylheayl  chloride 
1 m.SvC? 


Baro. 

C02  K0l0 

C02  Mol. 

Temp- 

Presso 

Fract.  at 

✓»  JLK 

Fract.  at 

erature 

mm  H« 

Baro.  Press . 

0 x P 

760  mm  Hk 

63.2°F 

742,3 

0.0138 

1.33 

0.0U1 

0.0138 

1.33 

0.01a 

67.3°F 

744.5 

0.0136 

I.29 

0.0139 

0.0131 

? 34 

0.0134 

+14°C 

752.6 

0.0160 

„,26 

0.0162 

0.0152 

1,33 

0.0153 

■f0.5°C 

7a. 7 

0.0205 

1.36 

0.0210 

0.0203 

1,38 

0.0208 

-10°C 

749.5 

0.0283 

1.34 

0,0237 

0,0287 

1.31 

0.0291 

-32.0°C 

750,7 

0.0469  ' 

1,50 

0.0475 

0.0487 

1,54 

0,0493 

-34°C 

746.7 

0.0495 

1.61 

0.0504 

-35°C 

753.1 

0.0544 

1.54 

0.0549 

0.0537 

1.55 

0,0542 

-47°C 

745.5 

0.0804 

1.60 

0.0820 

0.0799 

1.61 

O.U815 

-48  °C 

747,4 

0.0828 

1.62 

0.0842 

O.O846 

1,59 

0. 0661 

80.4°F 

742.0 

0.00328 

4.49 

0.00336 

0.00256 

5.75 

0.00262 

77.2°F 

746.8 

0.00353  * 

4.37 

0.00359 

0.00317 

4.87 

0,00323 

72.2°F 

742.8 

0.00338 

4.84 

0.00346 

0.00329 

4.98 

C. 00337 

67.3°F 

744.5 

0,00347 

5.04 

0.CO354 

0.003a 

5.13 

0,00348 

63.2°F 

742.3 

0.00369 

4.99 

C. 00378 

0.00358 

5«I4 

0,00367 

59.5°F 

742,3 

0.00393 

4.92 

0,00402 

0.X386 

5.01 

0,00395 

72.4°F 

744.7 

0.00886 

1.85 

0,00904 

0.00965 

1.70 

0,.  00935 

0.00928 

1.76 

0,00947 

-37  °C 

749.1 

0.0302 

2.95 

0.0306 

-38.5eC 

749.1 

0,0320 

2.94 

0,0320 

-48°C 

743.0 

0.0426 

3 « 14 

0,  ',36 

0.0395 

3,39 

0 e>  0’/j,04 

7S°F 

751.3 

0,0145 

lu  06 

0eO:.47 

0.0136 

1.13 

0,0138 

26  °C 

751.3 

0.01a 

1.08 

0.0143 

0.0138 

1.10 

0,  /.40 

74°F 

' 74-8,2 

0.0149 

1.03 

0.  -151 

0.0154 

1.05 

C< ' ’156 

69~5°F 

744.9 

0.0151 

1.13 

0.  1.54 

0.0148 

1,1: 

.c  ' S'- 
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Solvent 

Temp- 

erature 

Baro, 
Press, 
aa  Hg 

CO*  Mol, 
Frect.  at 
Baro.  Press. 

» O 
x P 

COg  hoi. 
I’raot.  at 
760  mm  Ha 

2-Ethylhexyl  acid 

78°f 

751.3 

0.0180 

0.855 

0.0132 

m.v.  = 144*21 

0.0192 

0.799 

0.0195 

26  °C 

751.3 

0.0229 

0.666 

0.0231 

0.0208 

0.730 

0.0211 

74°y 

748,2 

0.0231 

0.697 

0.0235 

0.0216 

0.747 

0.0219 

69.5  °r 

744.9 

0.0240 

0.708 

0.0245 

0.0231 

0.737 

0.0235 

2-Ethylhexanol 

78  °f 

751.3 

0.00847 

1.82 

0.00857 

m.w.  « 130,23 

0.00960 

1.60 

0.00972 

26°C 

751.3 

0.00879 

1.73 

0.00839 

0.00863 

1.76 

0.00373 

74°F 

748,2 

0.00638 

1.92 

0.00351 

0.00817 

1.97 

0.00330 

69.5°F 

744.9 

0.00868 

1.96 

0.00886 

0.00689 

1.91 

0.00907 

Ethyl  Aoeto  Acetate 

+13°C 

751.4 

0.0255 

0.813 

0.0257 

m.v.  * 130.14 

0.0262 

0.791 

0.0265 

+0.5°C 

741.7 

0.0333 

o.sa 

0.03a 

0.0325 

0.862 

0.0333 

-a°c 

754.7 

0.0356 

0.856 

0.0358 

0.0339 

0.899 

0.03a 

~7°C 

748.0 

0.0404 

0.857 

o.aao 

-10°C 

749.5 

0.0440 

0.857 

0.0446 

0.0480 

0.878 

0.0436 

-32°c 

750.7 

0.0833 

0.900 

0.0843 

0.0811 

0.924 

0.0821 

-38°C 

748.4 

0.0998 

0.924 

0.101 

0.0975 

0.946 

0.0990 

«^47.0°C 

745.5 

0.0964 

1.34 

0.0983 

0.111 

1.16 

0.U3 

Ootyl  Acetate 

B0.5°F 

749.0 

0.0250 

0.574 

0.0263 

m.v.  » 172,26 

79.5°F 

748.9 

0.0273 

0.551 

0.0277 

81  °? 

747.1 

0.0232 

0.645 

0.0236 

♦14°C 

752.6 

0.0303 

0.667 

0.0306 

0.0305 

0.662 

0c0303 

-10°C 

749.5 

0.0521 

0.724 

0.0528 

0.0538 

0.701 

0.054® 

-32°C 

751.8 

0.0939 

0.799 

0.0949 

0.0944 

0.795 

0.0955 

-47°C 

745.5 

0.135 

0.959 

0.137 

0.117 

1.10 

0.119 

Trlbutyl  Phosphate 

85°F 

747.4 

0.0346 

0.405 

0.0352 

m.w.  = 266.32 

77.5°F 

746.5 

0.0335 

O.46O 

0.03a 

73.2°F 

748.6 

0.0340 

0.479 

0.0345 

. 

72,4®F 

749.7 

0.0389 

0.424 

0.0394 

55- 


Baro9 

COg  Mol. 

(JOj  Mol  n 

Temp- 

Press. 

Fract.  at 

« 

Fract a at 

Solvent 

erature 

no  He 
752.1 

Baro.  Press. 

x P 

760  mm  Eg 

Tributyl  Phosphate 

71.4°F 

0.0342 

0.490 

0.0346 

(continued) 

70.7°F 

746.8 

0.0317 

0.0336 

0.528 

0.500 

0,0320 

0.0342 

69«.7°F 

749.1 

0.0348 

0.490 

0.0353 

0.0340 

0.502 

0.0345 

-19°C 

734.3 

0.0846 

0.570 

0.0876 

0.0842 

0.572 

0.0872 

-23  °C 

738.3  . 

0.0910 

0.603 

0.0937 

-34°C 

746.7 

0.125 

0.642 

0.127 

737.5 

0.126 

0.624 

0.130 

0.127 

0.621 

C.131 

753.0 

0.127 

0.635 

0.128 

0.120 

0.673 

C.121 

-36  °G 

747.0 

0.143 

0.602 

0.145 

-38.5°C 

749.1 

0.139 

0.653 

0.141 

-48  °G 

743.0 

0.199 

0.671 

0.204 

0.191 

0.701 

0.195 

Triethyl  Phosphate 

74.6°F 

?48.7 

0.0256 

0.62*7 

0.0260 

ra.Wo  « 192.14 

0.0253 

0.634 

0.0257 

80°F 

746.3 

0.0248 

0.600 

0.0253 

746.2 

0.0262 

0.568 

0.0267 

0.0255 

0.584 

0.0260 

73.6°F 

742.8 

0.0274 

0.587 

0.0280 

0.0258 

0.623 

0,0264 

0.0260 

0,619 

0.0266 

0.0258 

0.623 

0.0264 

71.8°F 

747.1 

0.0267 

0.620 

0,0272 

0.0276 

0.600 

0.0231 

0.0268 

0.618 

0.0273 

+13°C 

751.4 

0.0306 

0.677 

0.0309 

0.0308 

0.671 

0.03-:.2 

-10°C 

749.5 

0.0589 

0.640 

0.0598 

0.0611 

0.613 

0.0619 

-14°0 

750.7 

0.0666 

0.637 

0.0675 

0.0651 

0,652 

0.0659 

-32  °c 

751.8 

0.112 

0.670 

0.113 

-34°C 

746.7 

0.114 

0.699 

0.13.6 

-38  °G 

748.4 

0.131 

0.703 

0.133 

0.130 

0,712 

0.132 

SECTION  III 


FREEZING«OUT  OP  CAPBON  DIOXIDE 


INTRODUCTION 


Ic  the  last  tri-monthly  report  (April  1 « Juno  30  1952}  a 
preliminary  treatment  of  the  5 freeze -out*  method  of  carbon  dioxide 
removal  was  presented*  During  the  past  three  months  this  me thoa 
has  been  developed  further  to  a point  vhere  the  major  problems 
aro  practically  solved  and  the  process  appears  entirely  feasible# 

The  removal  of  carbon  dioxide  from  air  in  closed  atmospheres 
by  a continuous  process  in  which  the  carbon  dioxide  is  frozen  out 
of  the  air  stream  has  several  advantages  over  other  processes* 

No  storage  space  is  required  for  chemicals  or  other  supplies  which 
aro  necessary  in  non-regenerative  methods#  No  oxygon  or  nitrogen 
is  removed  along  with  the  carbon  dioxide  as  is  the  case  when  physical 
absorption  Is  used#  Power  roqi lrements  are  not  excessive  aid  space 
requirements  are  modest#  The  only  significant  materials  and  utilities 
required  are  sea  water  for  cooling  end  electric  power  for  compression# 
In  addition  to  removing  oarbon  dioxide  from  the  atmosphere  * this 
process  reduces  the  humidity  of  the  air  to  a low  value  o 
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DESCRIPTION  OP  PROCESS 

A schematic  flow  diagram  of  this  oarbon  dioxide  ♦freeze-ov.t1 
process  ia  shown  in  Figure  19*  This  shows  the  foul  air  containing 
I#  oo 2 and  with  a relative  humidity  of  6$%  entering  the  rr  ocean 
ar,  SC’F  and  1 atma*  This  air  stream  enters  the  first  compressor 
(Fa-1)  at  a rate  of  5 00  lbs.Ar*  This  inlet  stream  consists  of 
7,59  lbs/hr  of  COg,  7*05  Ibs/hr  of  EgO,  and  ij.8S.36  Ibs/hr  of  dry, 
C02-free  air.  After  the  first  stage  of  compression  the  air  is 
cooled  with  sea  water*  inuring  this  oooling  some  of  the  water  vapor 
is  liquefied  and  removed  from  the  stream.  Further  compression 
and  cooling  removes  more  water* 

The  high  pressure  foul  air  leaving  the  second  sea  water 
cooler  (HE~2)  is  passed  through  a gaa-to-gas  heat  exchanger  (HR-3) 
where  it  is  cooled  to  about  35  °F*  In  this  exohoiger  additional 
water  is  condensed  out  and  flashed  to  the  low  pressure  side  of 
the  exchanger*  The  foul  air  with  most  of  the  water  removed  is 
next  sent  to  a reversing  heat  exchanger  (HEJ|.)  where  more  of  the 
water  vapor  Is  removed  by  freezing  out  on  the  exchanger  surface <> 

The  operation  of  this  reversing  exohanger  is  shown  in  more 
detail  in  Figure  20.  During  the  first  half  of  the  cycle,  the 
high  pressure  foul  air  is  passed  down  one  side  of  the  exchanger 
depositing  ice  as  it  is  cooled  to  about  ~150°F.  (This  temperature 
is  just  above  the  temperature  at  whioh  COg  starts  to  freeze  cut*) 
While  the  high  pressure  air  is  depositing  ice  on  one  siae  of  the 
exchanger,  ice  is  being  removed  from  the  other  side  by  passing 
low  pressure  purified  air  through  it*  After  a suitable  period 
of  operation,  during  which  ice  builds  up  on  the  high  pressure 
side  and  the  low  pressure  side  is  derlmed,  the  reversing  valves 
are  switched*  This  sends  the  high  pressure  air  down  the  side 
which  has  just  been  derimed  and  the  low  pressure  purified  air 
back  through  the  side  which  has  fresh  rime  deposits*  This  re- 
versing action  is  indicated  in  Figure  20.  It  should  be  noted  at 
this  time  that  all  the  water  which  is  condensed  in  the  sea  water 
coolers  Is  permanently  separated  from  the  air.  On  the  other  hand. 
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the  water  removed  in  these  two  heat  exchangers  (HE-3  and  H5>4) 
is  re-evaporated  into  the  purified  gas  stream* 

From  the  reversing  heat  exohonger  (HE— Ij.)  the  high  pressure 
air  next  passes  through  side  (3)  of  HE-6  (see  Figure  19 ) where 
it  is  cooled  slightly  by  raising  the  temperature  of  the  exchanger 
to  nearly  ~l£oeF»  During  this  heating  of  HE«6  side  (i|.)  is  being 
evacuated  to  remove  COg*  After  passing  through  side  (3)  the 
high  pressure  air  Is  sent  through  side  (2)  of  HE-£  where  It  is 
cooled  to  about  «220°F  by  passing  countercurrent  to  the  low  pressure 
air  which  has  just  left  the  expansion  turbine*  In  cooling  to  about 
«220°F  the  high  pressure  air  is  purified  by  the  removal  of  99# 
of  the  C02  and  most  of  the  residual  water*  The  COg  and  HgO  are 
removed  by  being  frozen  out  on  the  heat  exchanger  surface  lr,  the 
same  manner  that  water  is  deposited  in  the  reversing  heat  exchanger 
(HE-i{.)  * After  a suitable  interval  of  time  during  which  side  (2) 
is  receiving  rime  deposits  and  side  (I4.)  is  being  derlmed,  the 
valves  are  switched  to  allow  the  high  pressure  stream  leaving 
HE-4.  to  pass  successively  through  sides  (1)  and  (!*)•  This  change 
allows  side  (2)  to  be  defrosted  by  heating  and  evacuation  and  side 
(Ij.)  to  receive  the  rime  deposits*  After  the  same  interval  the 
valves  are  switched  back*  This  reversing  operation  should  pre- 
vent excessive  plugging  of  the  heat  exchangers  by  removing  all 
the  rime  that  has  been  deposited  in  the  previous  cycle*  However 
if  by  this  procedure  it  is  found  that  adequate  derlming  is  not  taking 
plaoe,  then  a four  step  reversing  procedure  in  which  each  of  the 
four  sides  of  HE«£  and  HE -6  successively  passes 

1)  high  pressure  air  at  about  «150*F, 

2)  high  pressure  air  being  cooled  to  about  -220*P|, 

3)  COg  removal  by  e vacua  tion, 
and  1|.)  low  pressure  air, 

will  definitely  provide  complete  deriming  in  eaoh  cycle*  In  this 

case  the  high  pressure  sir  will  pass  through  two  sides  in  the  following 

rotation; 
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1)  aide  (3)  and  side  (2) 

2 ) side  (l)  and  side  (3) 

3)  side  (ij.)  and  side  (l) 

)+)  side  (2)  and  side  (!*.)• 

!3?h9  high  pressure  air  at  about  — 220°F  (now  containing  only 
G „ 01%  GO 2 and  a negligible  amount  of  HgO)  next  passes  through 
an  expansion  turbine  where  some  power  and  considerable  cooling 
is  achieved*  (HE-7  shown  on  the  flow  sheet  is  not  a separate  heat 
exchanger  for  operation  below  11  atmosphem  when  it  merely  indicates 
•chat  heat  leak  exists*)  The  air  leaves  the  turbine  at  about  1 atma 
and  between  -270  and  -312®?'  depending  upon  the  pressure  on  the 
inlet  side  («270°P  for  about  3 atm  inlet  pressure  and  ~310°F  for 
about  11  atm)* 

The  low  pressure  air  leaving  the  turbine  (now  cold  and  purified) 
la  passed  back  through  side  (1)  of  HE-$  (or  one  of  the  other  sides 
of  HE~5  or  EE-6  depending  upon  which  part  of  the  cycle  is  in  operation) 
whore  it  nicks  up  heat  from  the  high  pressure  air  which  is  being 
cooled  to  abput  -220°P.  After  leaving  this  heat  exchanger  the 
low  pressure  air  stream  may  be  split  with  part  of  it  recycled  back 
through  the  exchanger  (H3-3>)  * This  reoyoling  is  not  necessary 
if  the  two-step  reversing  procedure  is  used  for  the  operation 
of  HE-5  and  hiE-6,  It  may  or  may  not  be  necessary  for  the  four-step 
reversing  grocer.-. . depending  upon  the  effectiveness  of  the 
derimirtg  by  c vacua*/.  or  and  heating* 

The  low  pressure  \'r  next  passes  through  the  reversing  heat 
exchanger  (HE-4)  where  i picks  up  the  ioe  deposit . left  by 
the  high  pressure  air*  Again  some  reoyoling  may  be  necessary 
to  insure  complete  deriming  of  this  exchanger*  From  HE-k  the 
low  pressure  air  passes  throu^n  HE-3  where  it  picks  up  the  water 
removed  from  the  high  pressure  air  and  where  it  is  heated  up  to 
8o*F  and  discharged  to  the  atmosphere*  This  purified  air  contains 
only  0*01$  GOg  and  has  a relative  humidity  of  about  3 %» 


POWER  AND  SPACE  REQUIREMENTS 


The  res  lilts  of  detailed  calculations  indicate  that  the 
required  power  for  processing  5>00  pounds  per  hour  of  foul  air 
is  between  12  and  20  kilowatts  as  is  sunmarised  below 0 

High  Pressure  Side  Required  Power,  kilowatts 

' i-S JgaaggaaajLaa  Evacuation  Pumping  Tgrb fee  Nit 

etco 

$ lij-oO  0*2  0o3  >>2o0  15 »( 

11  22*4  0*2  0o8  n.2o7  20 

These  figures  are  based  upon  compressors  and  turbines  designed  to 
occupy  small  volumes • Efficiencies  of  70%  were  assumed  for  both 
compression  and  for  expansion* 

A summary  of  the  space  requirements  indicates  that  a total, 
volume  of  between  lj.0  and  80  oublc  feet  should  be  sufficient*  A 
breakdown  of  this  estimate  is  given  below* 


Volume,  cubic  feet 


Heat  exchangers,  bare 

Insulation 


3-6 

2 « 4 


Compressors 

$ « IQ 

Turbine 

o*3  - 1 

Piping,  valves,  controls 

10  - 20 

Free  Space 

20-39 

Total 

40-80 

These  figures  are  based  upon  equipment  designed  especially  for 
conditions  requiring  small  volumes*  The  heat  exchangers,  compressors, 
and  turbine  were  carefully  evaluated  while  the  remaining  items 
were  roughly  estimated* 
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OPERATING  CONDITIONS 


The  operating  temperatures.,  pressures  and  compositions  of 
of  the  various  parts  of  the  process  shown  in  Figure  19  depend  largely 
up^n  physical  and  thermal  properties  of  the  fluid-solid  system 
air-COg-HgOo  They  also  depend  upon  the  properties  of  available 
sea  water c,  the  desired  atmospheric  conditions  of  the  region 
supplying  the  foul  air,  and  the  desired  composition  of  the  fresh 
air*  la  order  to  investigate  the  effect  of  the  many  process 
variables  on  the  power  and  space  requirements,  it  was  necessary 
to  consider  as  primary  variables  the  operating  pressure,  r2.  and 
the  amount  of  COg  removed*  In  order  to  restriot  the  problem  it 
was  decided  to  consider  removal  of  99#  of  the  entering  COg*  This 
choice  was  made  since  preliminary  calculations  Indicated  that  the 
power  and  space  requirements  would  be  practically  independent  of 
amount  of  COg  removed,  as  long  as  about  95#  or  more  COg  was  remove  do 
Since  the  optimum  operating  pressure  was  not  known.  It  was  deolded 
to  investigate  pressures,  for  Pg,  up  to  20  atmospheres o With  these 
choices  of  primary  variables  the  operating  temperatures  were  fairly 
definitely  established®  Each  of  these  temperatures  «««*  pressures 
is  discussed  in  a following  paragraph* 

Inlet  temperature,  T^*  The  inlet  temperature  was  arbitrarily 
choserT  as  to  represent  a reasonable  baslso 

Inlet  pressure,  PQ*  For  the  same  reason  the  inlet  pressure 
was  chosen" as  1 atmosphere* 

Splct  composition*  A relative  humidity  of  65#  and  a COg 
concentration  of  1*0#  by  volume  were  chosen  as  comfortable  conditions 
which  should  be  maintained* 


Compressor  discharge  pressure,  P^*  Depending  upon  the  operating 
pressure,  Pg,  and  the  type  of  compressor  selected,  one,  two,  or  possi  - 
bly three  stages  of  compression  may  be  required*  For  one  stage 
operation,  P,  «*  p( 


2° 


For  two  stage  operation,  P^  - ^Sg  where  both 


pressures  are  expressed  in  atmospheres* 

Compressor  discharge  temperature,  T2*  The  discharge  temperature 
is  principally  a function  or  the  pro a sure  P^,  and  of  the  efficiency 
of  the  compression*  Thi3  function  is  plotted  in  the  left 


side  of  Figure  21  where  three  curves  labeled  » P2  ar©  plotted# 
These  curves  show  how  Tg  varies  with  P^  and  compression  effioienoyo 
T2  is  also  presented  in  Table  VII  for  values  of  between  2»2i|. 
atea  and  6o8l  atm* 

Sea  Water  temperature,  ^ ana^ys^-s  reported  sea 

Tfp ■qey1  temperature a"aF*?ar  1 ous  xa tl tude s , longitudes,  seasons, 
and  depths  indicated  that  80®F  was  an  acceptable  figure  to  use 
for  the  purposes  of  this  studyo  Table  VI  is  a listing  of  surface 
temperatures  throughout  the  world  for  two  seasons  of  the  year 
and  temperatures  at  200  and  IpOO  meters  below  the  surface,  these 
submerged  temperatures  being  almost  independent  of  the  season# 

Sea  water  temperature,  T^«  The  temperature  of  the  sea 
water  leaving  the  heat  exchanger,  HE®1,  was  chosen  as  90*^» 
which  represents  a 10  *F  rise  In  temperature # 

Compressed  air  temperature,  T*#  It  was  assumed  that  the 
air  could  be  cooled  to  within  16 of  the  water  temperature# 

This  made  T^  equal  to  90®F# 

Compressor  discharge  temperature,  T^#  This  discharge 
temperature  depends  upon  the  pressure,  fg,  and  compressor 
efficiency  as  well  as  and  T^«  ^ a>  a function  of  Pg  and 

oomprossion  efficiency  la  plotted  in  Figure  21  and  listed  in 
Table  VII# 


Sea  water  temperature,  T^a 
Compressed  in  temperature,  T, 


*16* 


as  a function  of  7^  in  fable 


ViH  s 


Same  as  T. 


3® 


Tg  is  shown 


and  Figure  22* 

Tenperature  of  foul  air  leaving  HE-3,  Tg  and  Tg  o This 
temperature  was  set  as  i^F  to  be  a few  degrees  above  the  freezing 
point  of  water,  32®F# 

Temperature  of  foul  air  leaving  HE-4,  T?#  In  order  to  limit 
the  deposition  of  solid  c6g  to  HE-5  and  TBC 57  the  temperature 
Tj  must  be  higher  than  the  temperature  at  which  a mixture  of 
air  and  1%  COg  is  in  equilibrium  with  solid  COg#  -5iis  temperature 
is  tabulated  in  Table  TX,  plotted  in  Figure  23  as  a funotlon  of 
pressure#  It  is  also  shown  in  Figure  22  and  Table  VIII# 
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Temperature  of  high-pressure  dean  air  laaylrg_jrELn£s  £g« 

Xr,  order  fco  remove  99#  of  the  COg  from  the  foul  air,  the  tempera- 
ture of  fcho  air  stream  must  be  reduced  until  it  is  at  the  temper- 
ature at  which  a mixture  of  air  and  0.01#  COg  is  in  equilibrium 
with  solid  COgo  This  temperature,  Tg,  is  plotted  in  Figures  22 
Mil  c'3  and  given  in  Table  VIII  as  a function  of  pressure.  Thie 
Is  also  the  temperature  of  the  air  inlet  to  the  expansion  engine 
for  pressures  below  about  11  atm.  In  order  to  prevent  liquid  air 
from  forming  in  the  expansion  engine,  the  temperature  of  the  inlet 
stream  must  be  that  shown  as  Tg*  or  higher.  For  pressures  above 
IX  atm*,  Tg*  is  higher  than  Tg,  and  the  stream  must  be  heated  (by 
HE -7  or  other  means).  This  indicates  that  compression  to  more 
than  11  atmospheres  is  of  no  advantage#  These  temperatures  were 
obtained  assuming  70#  efficiency  in  the  expansion  engineo 

Temperature  of  clean  air  leaving  turbine*  Assuming 

expansion  to  1 atm.  at  70#  efficiency  in  the  expansion  engine, 
the  temperature  leaving  the  turbine,  T^,  was  calculated  from  Tg.» 
In’  was  obtained  from  T^  for  the  higher  pressures  by  using 
-312* 3°F  for  T9# 

Temperature  of  clean  air  leaving  HE-3.  T^.  The  temperature 
of  the  cloan  air  discharged  from  the  process  was  assumed  to  be 
8o°F,  which  is  10 °F  cooler  than  Tg.  This  represents  conservative 
design  conditions  and  in  operation  nay  be  considerably  different. 

Temperature  of  clean  air  leaving  HE-k.  T-j-.  An  energy  bal« 
arcs  wound  IJE-3,  assuming  no  heat  leak  and  allowing  for  revapox*- 
ization  of  condensate,  fixes  T^g  as  shown  in  Figure  22  an:. 

Table  VIII.  During  actual  operation,  it  may  be  as  much  as  a few 
degrees  lower  due  to  heat  leak. 

Temperature  of  clean  air  entering  HE-k.  The  tempera- 

true  of  clean  air  entering  HE-k  must  be  high  enough  to  remove  the 
ice  deposits  in  the  reversing  exchanger.  This  temperature  is 
re  lated  to  T-,  as  shown  in  Figure  2k#  For  temperatures  of  T^* 
lower  than  indicated  on  Figure  2k,  the  low-pressure  clean  uir 
v ill  not  derime  the  exchanger.  In  order  to  insure  complete 
defining,  temperature  *u*  has  been  chosen  higher  than  shown  in 
Fijjure  2k#  It  is  tabulated  in  Table  VIII  as  calculated  from  75# 
of  tho  difference  shown  in  Figure  2k*  In  order  to  obtain  this 
temperature,  a reoyole  stream  as  shown  in  Figure  19  is  necessary. 


Tengperature  of  clean  air  leaving  HE-£*  T^.  An  energy 
balance  around  SB  Jj.,  assuming  no  teat  leak  in  either  HE«lj.  or 
HE-3,  indicates  the  temperature  for  T11  which  is  shown  in 
Figure  22  and  Table  Villa  In  actual  operation  T^  will  be 
lower,  perhaps  several  degrees,  due  to  heat  leak® 

Temperature  of  clean  air  entering  HE-5,  Txo'*  If  the 
two  step  Aeriming  cycle  satisfactorily  prevents  build  up  of 
solid  ©hi  and  solid  H^O  in  HE -5  and  HE®65  then  no  recycle 
stream  is  required  and  V - T10*  However,  If  the  four  step 
reversing  procedure  is  necessary  ' must  be  higher  than  T1Q 
and  related  to  Tg  as  shown  In  Figure  2lj.*  In  order  to  Insure 
darJming  of  these  exchangers,  T1Q  as  plotted  in  Figure  22  and 
tabulated  In  Table  VIII  was  calculated  by  using  75%  of  the 
permissible  difference  shown  in  Figure  2lio 

Temperature  of  clean  air  leaving  turbine,  T^n  An  energy 
balance  around  and  HE«&j  assuming  no  heat  leak  in  any  ony* 

of  HB«3,  HE-lj.,  HE-5*  HE -6,  and  neglecting  idle  energy  effects 
associated  with  the  evacuation  part  of  the  cycle,  indicates 
far  T10  the  temperatures  plotted  in  Figure  22  and  shown  in  Table 
VIII*  At  this  time  It  can  be  noticed  that  Tg  and  T^q  represent 
the  same  streamand  that  the  difference  between  Tg  and  T^q  is 
a quantitative  measure  of  the  permissible  heat  leak  in  the  exchangers* 

Temperature,  Tj-,  and  Pressure,  P^,  for  evacuation*  In 
order  to  remove  fi&g  py  evacuation  the  presoiire  must  be  reduced 
and/or  the  temperature  raised  by  an  amount  at  least  as  much  as 
indicated  by  the  equilibrium  phase  relationships  of  the  air^COg 
system*  Figure  2 $ shows  these  relationships  in  terms  of  the 
process  variables*  ttte  temperature  rise,  %7-Tg,  is  plotted  against 
the  pressure  factor  Pg/Pj»  for  removing  99#  of  the  CGg*  two 
lines  are  presented,  one  for  Pg  « 10  atm  and  one  for  ?2  - 5 atm* 

One  line  (Pg  * 10  atm)  is  presen ’ted  for  removing  98$  G0^,« 

Jh  the  preceding  paragraphs  are  presented  the  underlying 
assumptions  and  reasons  for  establishing  the  various  conditions 
of  the  process  * It  should  be  pointed  out  that,  for  this  phase 


of  the  problem,  no  considered-ton  was  given  to  pressure  drop  in 
the  flow  of  sir  through  the  several  exchangers  and  associated 
piping*  This  simplification  has  but  little  effeot  on  the  temperature 
obtained  and  practically  no  effect  on  the  conclusions  of  this 
study* 

In  making  the  energy  balances  to  establish  some  of  the  process 
temperatures  and  to  determine  the  heat  exohanger  duties,  the 
enthalpies  of  the  several  streams  were  calculated*  These  enthalpies 
have  been  plotted  in  Figure  26  arul ‘tabula ted - in  Table  X*  These 
values  were  based  on  individual  enthalpies  for  air  (Figure  27), 
for  COg  (Figure  28)  and  for  water  (Keenan  and  Keyes,  Steam  Tables)* 

In  the  process  described  above  the  water  condensed  in  HB-3 
and  the  rime  deposited  in  HE-lj.  were  revaporized  In  the  low  pressure 
clean  air*  Calculations  were  also  made  assuming  that  these  quantities 
were  discarded*  The  resulting  temperatures  are  given  in  Table 
XI  and  Figure  29* 


SELECTION  OP  EQUIPMENT 


Compressors o A survey  of  available  Industrial  compressors 
indicated  that  practically  all  models  ocoupy  a relatively 
large  volume  (50  to  80  cubio  feet  total  volume)  and  are  there* 
fore  unsuited  for  the  proposed  prooess,  The  rotary  lobe  type 
(Elliott-Lysholm)  as  discussed  in  repent  literature  (Engineering 
15$  97-100,  Jan,  29,  1943 » SAE  Journal  & June  1943“  Mechanical 
Engineering  68  514-8#  June  1946 J NDRO,  Division  11,  Summary 
Technical  Report,  Vol#  1,  1946)  appears  rather  promising.  It 
is  estimated  that  a single  stage  compressor  of  this  type  eapable 
of  compressing  500  pounds  per  hour  of  air  with  a compression 
ratio  of  2«5  or  3 can  be  designed  to  occupy  a volume  about  2,5 
or  3 cubic  feet  (including  drive).  These  compressors  operate 
at  about  7o£  efficiency  (see  Figure  30 )o 

Turbins,  Based  on  reports  of  Swearingen  (Chemical  Engineering 
Progress  85-90  Fob.  1947)  and  Rushtcn  (NDRC,  Division  11, 

Summary  Technical  Report,  Vol.  1,  1946)  it  is  estimated  that 
for  the  proposed  process  a turbo-expander  can  be  built  which 
will  occupy  less  than  one  cubic  foot  (about  0.3  ou.  ft,  for 
expansion  from  5 atmospheres).  This  expander  would  operate  with 
an  efficiency  of  about  70-8o£« 

m connection  with  the  reoent  development 
of  compact  equipment  for’  the  production  of  oxygen,  two  types  of 
heat  exchangers  have  been  used.  The  ribbon-packed  annular  exchanger 
(Trumpler  and  Dodge,  Ghem,  Eng.  Progress  ^ 75—84,  February  1947) 
originated  by  Collins,  and  the  sandwich  type  exchanger  (Slmpelaar 
and  Aronson,  Trans  ASMS  Jg  955-965,  Oct.  1950)  both  have  a con- 
siderably greater  transfer  surface  to  volume  ratio  than  ocnmercial 
heat  exchangers.  Either  type  could  be  used  for  the  proposed 
process.  Since  the  sandwich  type  exchanger  has  been  more  thoroughly 
tested  and  since  it  is  of  simpler  construction,  it  was  the  basis 
for  this  work. 

This  heat  exohanger  consists  essentially  of  thin  copper 
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fins  furnaoe  bonded  between  brass  plates*  The  exohanger  is  mani- 
folded so  that  one  fluid  will  flow  in  one  dlreotion  through  every 
alternate  passage  and  the  other  fluid  will  flow  in  the  opposite 
dlreotion  through  the  intermediate  passages*  This  arrangement 
of  surfaee  provides  over  300  sq*  ft*  of  effective  surface  per 
cubic  foot  of  heat  exohanger  volume  and  corresponds  to  over  3*5 
sq*  ft*  per  pound  of  metal* 

For  the  speolflo  design  oonsidersd  in  this  problem,  the 
reoammended  equations  and  data  of  Slnpslaar  and  Aronson  ware 
restricted  and  applied  to  a 3/32n  strip  fin  throughout  these 
calculations*  The  properties  and  necessary  data  associated  with 
this  particular  fin  were  obtained  from  the  above  artiole*  The 
distinct  advantage  of  such  type  of  heat  exchange  equipment  over 
the  conventional  shell  and  tube  types  lies  in  the  unusually  high 
heat  transfer  coefficients  attainable*  In  this  oozmeotian,  gas 
film  ooeffioients  as  high  as  60  Btu/(hr)  (ft2)  (°F)  are  ordinary 
against  values  of  3 to  5 commonly  considered  for  the  conventional 
shell-tube  type  exchangers*  Conservative  pressure  drop  con- 
siderations far  both  the  warm  and  oold  sides  indicate  that  with 


the  exelusion  of  end  effects  (entrance  and  exit  plus  piping), 
the  total  pressure  drops  through  the  finned-heat  exohangers  are 


as  follows; 

Heat  Exchanger 

HE— 1 
HE-2 
HE-3 
HE— Ij. 

HE-5 

HE-6 


Warm  Side*  ap  • 1*66  psl* 

Cold  Side*  Ap  • l|.al^l  psi 


Reassure  Drop,  psl 
Warm  Side  Cold  Side 


0.393 

0*218 

0*248 

0*550 

0*135 

0*135 

1*679 


1*17 

2*61 

0*63 

4..41 


Qzese  values  were  readied  by  considering  heat  exchangers 


of  on©  passage  flow  throughout  anil  assisting  a pressure  of  73*5 
paia  for  the  unprocessed  air  through  heat  exchangers  HE«3*  HE<4j. 
and  HB*5*  The  oold  aide  pressure  drop  noet  likely  cannot  be 
decreased  unless  more  than  one  gas  passage  la  selaoted  for  the 
exohangers* 

Beat  transfer  ooefflolents  for  a 3/32 * atrip  fin  were 
evaluated  from  the  j-f actor  relationship  proposed  by  the  above 
investigators*  This  relationship  is  presented  below* 

pj^-30*2l|5/(Re)0#^ 

there  A « total  heat-transfer  area  which  is  equal  to  the  sun 
of  the  surface  of  the  fins  and  that  of  the  wall* 

c$  '•"heat  capacity  of  air,  considered  as  0 *2if  Btu/(lb)(°P) 

k 

equivalent  passage  diameter,  D.  • " ■ ■■■"■  ■■■  , ft 

oore,  air  mass  velocity,  lb/<hr)  (ft?  of  Afl) 

surfaoe  heat  transfer  coefficient  baaed  on  total  heat 
transfer  area,  Btu/(hr)  (ft?)  (*F) 

heat  transfer  factor  (dimensionless) 

length  of  flow  passage 

Dft0 

Reynolds  number  — * ■ 

P 

Frandtl  group,  assumed  for  air  to  be  0*72f 

viscosity,  lb/(hr)(ft) 

The  strip  fins  ars  3/52"  wide  (direction  of  fluid  flow), 

0 okB$"  long  (distance  between  plates),  O.OO^"  thick  and  are 
3/32"  apart  in  the  direotlon  of  fluid  flow  and  *062"  apart  per* 
pendloular  to  fluid  flow  and  the  rows  of  fins  are  staggered* 

The  following  physical  characteristics  were  obtained  from 
the  specific  heat  exchanger  employed  by  Slmpelaar  and  Aronson 
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In  their  article  (page  959)  ® 

Passage  details*  (Number  » 18,  height  * 0ol|.85"3  width  » 12", 
length  « 90”  « 7.5  ft)  Total  Area  (fins  plus  wall)*  A * 1858  sq  ft 
Free  Cross  Sectional  Area*  Aq  * 0.70  sq  ft 


J?i-26SS 

^ • §§|£  » 35lj. 


0*0113  ft* 


1l  JL 

d.  --Ff'3* 

o 

Heat  transfer  surface/passage  per  foot  of  length  (h  • O-lj.85% 

13*7  sq  ft  of  fin  plus  wall  surfaoe/passage 


w - 12",  1 - 12") 
1858 


18  x 7.5 


per  foot  of  length 

HE-3  Is  selected  to  Illustrate  the  calculation  procedure  > 

For  this  oase  unprocessed  air  at  73 *5  psla  containing  carbon 
dioxide  and  water  vapor  Is  being  cooled  from  90  to  35 °P  counter® 
currently  with  processed  air  at  substantially  atmospheric  pressure, 
the  temperature  of  whioh  rises  from  25  to  80*F.  The  purpose 
- of  this  exchanger  Is  a twofold  one*  to  cool  the  air  stream 
to  35 *F  and  simultaneously  condense  water  vapor o This  liquid 
condensate  in  turn  Is  to  be  revaporized  In  the  processed  air 
stream.  For  this  particular  case  the  total  exchanger  duty  Is 
117,977  *»  108,706  • 9271  Btu/hr.  The  temperature  difference, 
for  this  case,  calculates  to  be  10.0°F.  Consequently 
UA  * 9271A0  - 927  Btu/(hr)(ft2)(°F). 

The  length  and  total  fluid  volume  neoessary  for  this  heat 
exchanger  at  the  above  given  pressure  of  73 «5  psla  are  directly 
related  to  the  number  of  passages.  Arbitrarily  cases  dealing 
with  1,  2,  3 and  1).  passages  for  each  fluid  stream  were  selected 
and  the  calculation  procedure  Is  presented  below* 

Beat  Exchanger.  HB-32 


High  pressure  side,  Pg  - 73.5  psla 


J72« 


Mr  flow  going  from  to 

Ta  aperatura  **  to  35*P  (Tc__  * 62#P) 

avg 

V:i-3oosity  * i»  - 4»4?7  x 10"*2  lbs/ft  x hr 

At?  Rate  W « 485.36  ♦ 7.59  ♦ 0.42  ♦ 2.54/2  * 494*64  lbs/fer 

Passage*  \i  * 12” , h • 0*485*  X»  • 7 

St. *lp  fin?  Thickness  * 0.004”,  h - 0*458*  L • 3/32" 

a » A /h  m 0.70/18  « 0.039  ft2  of  oros8«8eotloQal  free  area/pacsage 
c c 

De  « 0.113 


3„  2/3 

.E. 

fe 

(0.75)2/3  » 

0.818 

; 

a,  11 0. 

Of  H «.  <£ 

G « \i/k 

0 

D G 

Detf 

0.4 

V i$fk 

V *h  ■ 

Passage 

3 \ ft 

(lb/(hr)  (ft*)  “ 

|T 

*•  a 

1 

0.0339 

12,716 

3210 

25.3 

0.00969 

36.2 

2 

0.0778 

6,358 

1605 

19*15 

0.0128 

23.9 

• l 

0.1167 

4,238 

1070 

16.25 

0.01508 

18.75 

0.1556 

3,179 

802 

14.5 

O.OI69 

15.76 

Lo.v  Pressure 

side,  P . 

14.7  psia 

♦ 

Air  flow  going  from  T^g 

to  t13 

A:;. 

? Rate  0 W 

“ 435.36  + 

0.42  ♦ (2.96  - 0.42) 

• 488.32  lbs/hr 

To 

viper  c.tur© 

a 25 °p  to  80 °P  (taVE  - 52#P) 

H - 

- 4.31  x 10* 

^ lb/hr  x ft" 

n^,  S:  0 U 0 

• A ft2 

1 

G » W /k 

Or 

, V I 

"DGj 

33 

o*4 

viife 

V h.  - 

Paaea^ci 

lb/ (hr)  (ft* 

1 Jb  J 

1 

0.0339 

12,553 

3291 

25.5 

0.00960 

35.4 

r- 

& 

0.0778 

6,276 

1645 

19.1)5  ■ 

0.0126 

23*2 

.3 

0.1167 

4,184 

1097 

16.1(5 

0.01489 

18. 25 

h 

* 

0,1556 

3,138 

823 

14.7 

0.01665 

15.31 

c 1 

275- 


iM 


c 0 

&F1 


<73 


..  -.jo  5 ce 
i2.;:  uage; 

1 1 

• kmu  it  rnmmmm 

ho» 

4- 

U 

A « 927/C  L 

- A/13 

L 

0.02762  0.02825 

0.05587 

17.90 

51.79  ft2 

CO 

5s- 

c 

2 

0.04184  0*04310 

0.08494 

11.77 

78.76 

2. 87 

3 

0.05333  0.05479 

0.10812 

9*25 

100.2 

SoljJj. 

4 

0.06345  0.06532 

0.12877 

7.77 

U9«3 

2*18 

Volume,  ou  ft* 

, Ho,  of 
as  3 age a 

Warm  31de 

Cold  Side 

Total 

i 

O.llj.7 

0.147 

0.294 

2 

0.223 

• 

0.223 

0.448 

3 

0.285 

0.285 

0.285 

4 

0.339 

0.339 

0.678 

The  variation  of  the  heat  exchanger  length  and  fluid  volume 
is  dependent  upon  the  absolute  pressure  of  the  unprocessed  a It 
(w?.rm  side).  These  variables  are  incorporated  and  related  to 
the  number  of  gas  passages  and  appear  in  Figures  31-35  -tor  heat 
exchangers  HE«1S  HE-2,  HE -3,  HE-4  and  HS-5* 

A compilation  of  conditions  that  might  be  selected  for  the 
operation  of  a cycle  point  to  a total  exchanger  volume  of  frean 
3 to  6 cubic  feet*  In  this  connection,  the  maximum  length  necessary 
for  a one  passage  arrangement  is  that  of  exohanger  HE«4  which 
is  12  foot.  This  value  reduces  to  6.8  feet  for  a four-passage 
arrange!  .lent.  If  a one  passage  arrangement  is  to  be  chosen  for 
this  heat  exchanger.  It  may  be  possible  to  consider  two  or  three 
separate  one-pass  exchangers  of  shorter  length,  whose  total  effective 
length  is  12  feet.  The  lengths  of  the  other  exohangers  are  nor. 
critical  and  vary  from  0.72  to  4*8  feeto 


•Hr. to 2 The  exchanger  volumes  calculated  correspond  to  those 

occupied  by  the  fluid  alone  and  do  not  include  the  fin 
ana  wall  partitions.  In  order  to  calculate  the  total 
volume  (fluid  plus  fins)  these  values  must  be  multiplied 
by  the  factor  representing  $he  total  cross  sectional 
area  divided  by 'the  free  cross  sectional  area  or 
g.^xlgj  /0e0389  a x.039. 


Ik 


CONCLUSIONS 

The  study  has  shown  the  feasibility  of  the  process  of  freezing 
out  Idle  COg  sinoe  the  size  and  power  requirements  are  both  reasonable. 
This  conoludes  the  phase  of  the  work  currently  authorized* 

Future  work  in  the  problem  would  involve  the  setting  up  of 
experimental  equipment  for  confirming  the  results  obtained  and 
for  observation  of  any  factors  which  may  have  been  minimised? 

Problems  that  have  to  be  investigated  in  this  experimental 
phase  would  be« 

Determination  of  heat  leaks* 

Determination  of  cycle  times  and  coordination  of  the 
various  parts  of  the  cycle* 

Time  lag  in  Initial  start  up* 

Determination  of  problems  involved  in  OO9  formation  In 
expansion  engine 0 * 

Balance  of  refrigeration  requirements  in  heat  exchange 
reversing  prooedures* 

Investigation  of  the  actual  C09  oondenslng  and  subliming 
conditions  and  confirming  the  heat  transfer  eoef f ielents  o 

Checking  of  the  process  in  general* 

Mechanical  operational  problems,  valving  particularly, 
under  the  pressures  and  low  temperatures  involved o 
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TABLE  VII 

TEMFERATTOS  AND  ENTHALPY  CHANGE  OF  AIR  S7ESAF  FROM  C0KPRESS08S 


Y8.nT3Qra.turo  °P  Enthalpy  Ukc-jigs 


Prossuro 

Atm 

*2 

~t,7 — 

Bin/? 

70*  Effic: 

Z'FCi&iiinbv" 

"’il/  " 

„:±- 

5 

1003S 

85 

_70 

100 

J-5 

7C 

Per  Si£.~e 

'■total 

2.24 

5 

220 

245 

281 

231 

256 

29Z 

48 

96 

2.45 

6 

242 

266 

309 

253 

277 

320 

55 

110 

2.65 

7 

260 

284 

331 

271 

295 

342- 

61.5 

123 

2.  <'33 

8 

272 

300 

349 

283 

380 

311 

66 

132 

3-00 

9 

283 

. 315 

365 

294 

316 

376 

70 

140 

3-16 

10 

293 

329 

332 

304 

340 

393 

73.5 

.147 

3-32 

11 

302 

341 

396 

313 

352 

407' 

76.4 

152.8 

3-37 

15 

337 

380 

439 

348 

391 

450 

86.8 

173.fi 

4.47 

20 

373 

418 

484 

384 

429 

496 

98.5 

197 

5.00 

395 

448 

524 

107.8 

107.8 

6.81 

470 

537 

135 

135 
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TABLE  IX 

INLET  AIR  STREAM  EQUILIBRIUM  TEMPERATURES 


Condition 

Per  Cent 
C02 

Removed 

Temnerature 
At  1 atm 
Pressure 

- op 

At  13.6  atm 
Pressure 

T7 

0 

-187.5 

-154.3 

1*8 

36 

-193.0 

-161.7 

Tg 

68 

-201.2 

-172.7 

Tg 

84 

-209.3 

-183.6 

TS 

92 

-216.3 

-192.7 

Tg 

96 

-223.7 

-201.5 

T8 

98 

-230.0 

-209.1 

% 

99 

-236.0 

-217.2 

% 

99-5 

-242.0 

-223.8 

*8 

99.75 

-247.2 

-230.9 

*8 

99.875 

-252.5 

-237.0 

Koto:  Currys  are  based  upon  the  equilibrium  temperatures  of  OOj  wndtw  its 

own  vapor  pressure  and  eorreoted  for  total  pressure. 
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BILL  OF  MATERIAL 

ITBM  ItCQ’O  SPECIFICATIONS 
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10  X 10  to  the  *3  inch,  5th  lines  accented 


X 01 


to  the  inch. 
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